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HIGHLIGHTS 


•  Fe304@C  was  prepared  via  a  facile,  economical  and  one-pot  solvothermal  route. 

•  Fe304@C  spheres  present  nano-porous  and  mosaic  structured  morphology. 

•  High  specific  capacity  (~1000  mAh  g_1)  and  excellent  rate-capability  were  achieved. 

•  Porous  carbon  matrix  ensures  a  stable  cycling  performance. 
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The  active  particle  cracking  and  electrode  pulverization  of  iron  oxide  anode  material  as  a  result  of  volume 
expansion  during  charge/discharge  process  cause  poor  reversibility  and  significant  capacity  fading  in 
rechargeable  lithium-ion  batteries.  Here,  we  demonstrate  a  facile  solvothermal  route  to  immobilize  the 
Fe304  particles  on  the  porous  active  carbon.  The  present  method  enables  us  to  obtain  nano-porous  and 
mosaic  structured  Fe304@C  spheres  with  an  average  size  of  ca.  100  nm.  The  porous  active  carbon  plays  an 
important  role  in  the  improvement  of  electrochemical  properties  of  Fe304.  It  not  only  acts  as  a  host  for 
the  deposition  of  Fe304  particles,  but  also  provides  void  spaces  for  active  Fe304  to  buffer  the  volume 
expansion.  The  good  contact  between  Fe304  and  active  carbon  ensures  the  fast  electron/Li-ion  transport. 
As  a  result,  the  porous  Fe304@C  shows  a  high  reversible  specific  capacity  of  ~1000  mAh  g-1,  good  cycle 
stability  and  excellent  rate  capability.  Therefore,  we  believe  that  this  composite  is  a  potential  candidate 
for  anode  material  of  high-energy  lithium-ion  battery. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium  ion  batteries  (LIBs)  continue  to  draw  attention  because 
advanced  energy  storage  devices  with  higher  energy  and  power 
density  and  longer  lifetime  are  required  for  many  applications,  such 
as  portable  electronics,  electric  tools,  electric  vehicles  (EVs)  and 
hybrid  electric  vehicles  (HEVs)  [1-4].  They  are  also  being  seriously 
considered  for  the  efficient  storage  and  utilization  of  intermittent 
renewable  energies  like  solar  and  wind  5—7].  The  conventional 
anode  materials  based  on  graphite  cannot  satisfy  the  ever-growing 
demands  of  high  energy  density  batteries  due  to  the  limited  spe¬ 
cific  capacity  (~372  mAh  g^1).  It  is  essential,  therefore,  to  explore 
new  anode  materials  with  exceptional  capacity  multiple  times  of 
graphite  as  well  as  excellent  rate  capability  and  long  cycling  life¬ 
time  [8-10].  Transition  metal  oxides  (MO,  M  =  Cu,  Co,  Fe,  Mo,  Ni) 
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[10]  are  attractive  anode  materials  because  they  have  lithium 
storage  ability  at  their  nano  scales  and  show  high  reversible  ca¬ 
pacity  (500-1000  mAh  g_1)  and  acceptable  lithiation  potentials 
[1,9-12].  Among  these  potential  anode  materials,  Fe304  is  even 
promising  in  virtue  of  its  unique  features,  such  as  high  theoretical 
capacity  (926  mAh  g-1),  good  electronic  conductivity,  lower  cost, 
environmental  friendliness  and  natural  abundance  [12—14].  How¬ 
ever,  similar  to  other  oxides,  Fe304  also  suffers  from  large  volume 
change  during  lithiation/delithiation  process,  which  can  lead  to 
active  particle  cracking,  electrode  pulverization,  and  subsequent 
loss  of  electrical  contact  between  active  material  and  current  col¬ 
lector,  eventually  result  in  poor  reversibility  and  rapid  capacity 
degradation.  The  continuous  active  particle  cracking  causes  also  an 
unstable  solid  electrolyte  interphase  (SEI)  film.  Accordingly,  it  is 
crucial  to  take  approaches  to  relieve  the  volume  change,  maintain 
the  integrity  of  the  electrodes  and  thereby  improve  the  cycling 
stability  of  electrode  [15]. 

Many  strategies  have  been  proposed  to  overcome  this  issue, 
such  as  nanostructuring,  carbon  coating,  and  nanocompositing 
[14,16,17].  The  hollow  and  porous  structures  are  attractive  particle 
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morphology,  which  can  provide  void  spaces  to  buffer  the  large 
volume  expansion  [18,19]  encountered  by  the  large  capacity  active 
materials,  such  as  transition  metal  oxides,  Si-  and  Sn-based  mate¬ 
rials.  Recently,  Lim  et  al.  prepared  hollow  Fe304  microspheres  by 
ionic  adsorption  technique,  which  exhibited  high  reversible  ca¬ 
pacity  and  enhanced  cycling  stability  [8].  Chen  and  co-workers 
synthesized  porous  hollow  FesCU  beads,  which  showed  good 
cycling  stability  but  relatively  lower  specific  capacity,  500  mAh  g-1 
after  50  cycles  at  100  mA  g-1  [20].  Compositing  with  carbon  has 
also  been  proven  to  be  an  effective  modification  technique  to 
enhance  the  electrochemical  performance  of  iron  oxides  anode 
materials  [13,21,22].  For  example,  coating  carbon  layer  on  particle 
surface  cannot  only  facilitate  ion  and  electron  transport,  but  also 
prevent  electrochemical  aggregation  and  accommodate  part  of  the 
volume  change  of  active  materials  during  lithium  ion  insertion / 
extraction.  Several  types  of  carbon  coated  Fe304  with  particle  shape 
of  nanospindles  [12],  nanorods  [23,24]  and  microcapsules  [25  have 
shown  improved  cycle  performance.  On  the  other  hand,  various 
porous  carbons,  such  as  mesocellular  carbon  [26],  carbon  fiber 
network  [27]  and  carbon  foam  [28],  were  prepared  as  host  to 
accommodate  Fe304  nanoparticles,  forming  FesO^C  composite. 

More  recently,  graphene  has  aroused  much  interest  as  carbon 
matrix  or  additive  of  electrode  material  for  its  ultrahigh  specific 
area  and  excellent  electronic  conductivity.  Graphene-wrapped 
Fe304  [14  ,  graphene  nanosheets-Fe304  [29],  and  graphene-Fe304 
nanocomposites  [30]  have  been  fabricated  with  various  sizes  and 
shapes.  A  latest  research  by  Wang’s  group  reported  a  composite  of 
Fe304  nanoparticles  grown  on  graphene,  which  displayed  an 
excellent  electrochemical  performance  as  supercapacitor  electrode 
[31  ].  The  honeycomb-structured  graphene  provides  large  surface  to 
well  anchor  Fe304  particles,  and  affords  an  elastic  buffer  to  alleviate 
the  volume  variations.  In  addition,  the  graphene  as  an  excellent 
conductive  agent  can  support  a  highway  for  electron  transport  and 
thereby  provide  an  excellent  rate  capability  for  electrode. 

Taking  an  overview  of  the  current  research,  hydrothermal 
method  is  a  most  common  way  to  synthesize  composite  with  car¬ 
bon  matrix  by  adding  carbon  source  like  glucose,  sucrose  or  gra¬ 
phene  into  the  reaction  solution.  Flowever,  a  post  heat-treatment  is 
usually  required  to  realize  the  organics  decomposition  and 
carbonization,  which  makes  the  synthesis  process  much  tedious.  In 
this  study,  we  developed  a  one-pot  solvothermal  route  to  synthe¬ 
size  Fe304@C  nanocomposite  by  introducing  cheaper  active  carbon 
as  a  carrier,  on  the  surface  of  which  Fe304  particles  were  deposited. 
The  active  carbons  have  huge  specific  surface  area  because  of  their 
controlled  distribution  of  pores  [32,33].  Therefore,  a  good  electro¬ 
chemical  performance  can  be  expected  by  dispersing  Fe304  parti¬ 
cles  into  the  pores  of  active  carbon.  The  large  specific  surface  area 
and  the  micropores  of  active  carbon  can  help  to  fix  the  Fe304  par¬ 
ticles  under  solvothermal  condition  and  to  accommodate  the  vol¬ 
ume  change  of  Fe304  occurring  in  the  lithium  ion  insertion / 
extraction  process.  As  shown  in  the  results,  the  prepared  Fe304@C 
composite  exhibits  a  high  specific  capacity,  good  cycling  stability 
and  excellent  rate  capability. 

2.  Experimental  section 

2.1.  Synthesis  of  Fe304@C  and  bare  Fe304 

Fe304@C  composite  material  was  synthesized  via  a  sol¬ 
vothermal  method  with  FeCb  as  iron  resource.  The  amount  of  2.7  g 
FeCb  was  dissolved  in  30  ml  of  ethylene  glycol  under  magnetic 
stirring  to  form  a  homogeneous  yellow  solution  A.  Solution  B  was 
prepared  by  dissolving  12  g  of  NaAcTF^O  (as  precipitant)  and  2  g 
of  polyethylene  glycol  (PEG200,  as  dispersant)  in  40  ml  of  ethylene 
glycol.  The  two  solutions  were  mixed  together  by  adding  solution  B 


dropwise  into  solution  A  to  produce  brown  solution.  After  a 
vigorous  stirring,  0.3  g  of  active  carbon  was  dispersed  into  the 
mixture  solution  under  ultrasonic  stirring.  The  resultant  suspen¬ 
sion  was  transferred  to  a  100  ml  Teflon-lined  stainless  steel  auto¬ 
clave,  which  was  sealed  and  heated  at  200  °C  for  48  h  in  electronic 
oven.  After  solvothermal  treatment,  the  autoclave  was  allowed  to 
cool  to  room  temperature  naturally.  Some  black  products  were 
produced,  which  were  collected  by  centrifugation,  washed  with 
distilled  water  and  ethanol  for  several  times,  and  then  dried  in  a 
vacuum  environment  at  70  °C  for  6  h.  Finally,  the  Fe304@C  powder 
was  obtained.  As  comparison,  bare  Fe304  was  also  prepared  by  the 
identical  procedures  for  Fe304@C  composite  except  for  the  addition 
of  active  carbon. 

2.2.  Structure  characterization 

The  phase  structure  of  the  samples  was  identified  by  X-ray 
diffraction  (XRD,  Rigaku,  D/max-A,  Cu  Ka,  X  =  1.5406  A)  and  Raman 
spectroscope  (Renishaw  RM  2000,  excited  by  632.8  nm  Fie— Ne 
laser).  The  particle  morphology  and  the  lattice  structure  of  the 
synthesized  samples  were  characterized  by  field-emission  scan¬ 
ning  electron  microscope  (FE-SEM,  SUPRA55)  and  high  resolution 
transmission  electron  microscope  (FIRTEM,  JEM-2010,  200  kV). 
Energy-dispersive  X-ray  spectroscopy-scanning  transmission  elec¬ 
tron  microscope  (EDX-STEM)  mapping  was  performed  on  a  Tecnai 
F20  filed  emission  transmission  electron  microscope  operated  at 
200  keV.  The  surface  area  and  pore  size  distribution  of  active  car¬ 
bon  were  determined  by  N2  adsorption-desorption  technique 
(QUADRASORB  SI-MP,  Quantachrome).  The  Brunauer-Emmett- 
Teller  (BET)  surface  area  and  pore  size  distribution  plot  were 
calculated  by  applying  the  linear  part  of  the  BET  plot  and  the  Bar¬ 
rett— Joyner-FIalenda  (BJH)  model,  respectively.  Thermogravi- 
metric  (TG)  analysis  of  the  Fe304@C  was  investigated  on  an  STA 
449F3  TG-differential  scanning  calorimetry  (DSC)  apparatus 
(Netzsch)  with  a  heating  rate  of  10  °C  per  minute  from  room 
temperature  to  600  °C  in  air  atmosphere. 

2.3.  Electrochemical  measurements 

The  electrochemical  properties  of  the  prepared  Fe304@C  and 
bare  Fe304  samples  as  anode  materials  of  lithium  ion  cells  were 
evaluated  by  galvanostatic  charge/discharge  technique.  The  work¬ 
ing  electrodes  were  prepared  by  mixing  80  wt  %  active  material 
(bare  Fe304  particles  or  Fe304@C  composite  powder  after  sol¬ 
vothermal  treatment)  with  10  wt  %  acetylene  black  (AB)  as 
conductive  agent  and  10  wt  %  carboxymethylcellulose  (CMC)  dis¬ 
solved  in  distilled  water  as  binder.  The  formed  homogeneous  slurry 
was  pasted  on  copper  foil  and  dried  in  an  oven  to  remove  the 
possible  solvent.  The  electrode  was  then  pressed  and  punched  into 
circular  discs  with  a  diameter  of  8  mm  for  cells  assemble  before 
dried  further  under  vacuum  at  120  °C  for  24  h.  The  weight  of  active 
materials  in  each  disc  was  1.2-2  mg  cm-2.  The  cells  were  finally 
assembled  in  an  Ar-filled  glove  box  with  the  Fe304@C  composite  or 
bare  Fe304  particles  as  test  electrode,  pure  lithium  foil  as  counter 
electrode  and  porous  polypropylene  film  (Celgard  2400)  as  sepa¬ 
rator.  The  nonaqueous  electrolyte  used  was  1  M  LiPF6  dissolved  in 
ethylene  carbonate  (EC),  diethyl  carbonate  (DEC)  and  dimethyl 
carbonate  (DMC)  (1:1:1,  in  vol  %).  Cycling  tests  were  performed 
galvanostatically  on  a  battery  test  system  (LAND  CT-2001A  tester) 
in  the  voltage  range  of  0.02-3.0  V  (vs.  Li/Li+)  at  room  temperature. 
To  evaluate  the  rate  performance,  the  cell  was  cycled  at  different 
current  densities,  varying  from  100  to  1000  mA  g_1.  The  electro¬ 
chemical  impedance  spectra  (EIS)  measurements  were  carried  out 
in  Solartron  1260  Frequency  Response  Analyzer  combined  with  a 
Solartron  1287  potentiate  in  the  frequency  region  from  105  to 
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Fig.  3.  TG-DSC  curves  of  the  Fe304@C  composite. 


Fig.  1.  XRD  patterns  of  bare  Fe304  particles  (a)  and  Fe304@C  composite  (b). 

0.01  Hz  with  a  signal  amplitude  of  5  mV.  To  investigate  the  struc¬ 
tural  integrity  of  electrode  film,  the  Swagelok-type  cells  with  Fe304 
and  Fe304@C  as  working  electrode  were  also  assembled.  After 
charge/discharged  at  100  mA  g_1  for  10  cycles,  the  cells  were  dis¬ 
assembled  inside  an  argon-filled  glove  box  and  the  electrodes  were 
washed  carefully  with  DMC  in  order  to  remove  electrolyte  residues. 
The  dried  electrode  films  were  subjected  to  various  structural 
characterizations. 

3.  Results  and  discussion 

Fig.  1  shows  the  XRD  patterns  of  the  Fe304  and  Fe304@C  pow¬ 
ders  prepared  at  200  °C  for  48  h.  All  the  diffraction  peaks  in  Fig.  la 
could  be  well  indexed  to  Fe304  (JCPDS  No.  76-1849),  indicating  the 
successful  synthesis  of  Fe3C>4  powders.  For  the  XRD  spectrum  of  the 
Fe304@C  (Fig.  lb),  the  main  peaks  are  similar  to  that  of  the  pristine 
Fe304  powders  but  have  a  weak  peak  intensity  and  wide  FWHM 
(full  width  at  half  maximum),  which  is  mainly  resulted  from  the 
smaller  particle  size  of  Fe304  in  Fe304@C  composite  (as  revealed  by 
FE-SEM  observation,  Fig.  4).  High  background  can  be  obviously 
recognized  for  sample  Fe304@C,  which  should  originate  from  the 
presence  of  amorphous  carbon  [14].  The  existence  of  carbon  in 
Fe304@C  composite  is  further  confirmed  by  Raman  spectroscopic 
analysis.  As  shown  in  Fig.  2,  the  characteristic  D  and  G  bands 
observed  at  1348  and  1592  cm-1  belong  to  the  disordered  and 
graphitic  carbon,  respectively,  which  are  in  good  correspondence 
with  the  reported  values  [14,25,29,34]. 

The  carbon  content  of  the  synthesized  Fe304@C  composite  was 
disclosed  by  TG/DSC  analysis.  As  illustrated  in  Fig.  3,  the  initial 
weight  loss  of  ca.  3.66  wt  %  from  50  to  300  °C  should  correspond  to 
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Fig.  2.  Raman  spectrum  of  Fe304@C  composite. 


the  evaporation  of  the  weakly  adsorbed  water  and  solvent  as  well 
as  the  oxidation  of  some  remained  organic  groups  35-38].  With 
increasing  temperature,  an  obvious  weight  loss  occurs  near  300  °C 
extending  to  550  °C,  accompanying  with  two  exothermic  peaks  at 
460  and  520  °C  in  the  DSC  curve.  This  weight  loss  should  corre¬ 
spond  to  two  physicochemical  processes,  the  oxidations  of  carbon 
and  Fe304.  The  oxidation  of  carbon  to  CO2/CO  causes  weight  loss, 
while  the  oxidation  of  Fe3C>4  to  Fe203,  which  occurs  when  the 
temperature  is  higher  than  500  °C  [39],  results  in  weight  gain.  No 
obvious  and  independent  weight  gain  could  be  observed  since  the 
two  processes  take  place  in  a  mixed  mode  and  the  weight  loss  plays 
a  dominant  role.  From  the  whole  weight  loss  of  15.58  wt  %,  the 
carbon  content  in  the  Fe304@C  composite  can  be  derived  to  be 
about  18  wt  %  and  the  mass  ratio  of  the  Fe304  is  about  78%. 

The  particle  morphology  of  the  active  carbon  with  and  without 
solvothermal  treatment,  and  the  synthesized  bare  Fe304  and 
Fe304@C  nanocomposite  powders  were  observed  with  FE-SEM. 
Fig.  4a  and  b  show  the  active  carbon  particles  before  and  after 
solvo thermally  treated  at  200  °C  for  48  h.  The  active  carbon  dis¬ 
plays  a  blob-like  particle  shape  with  irregular  particles  aggregating 
together.  After  solvothermal  treatment,  active  carbon  exhibits  an 
obvious  appearance  change.  The  blob-like  particles  change  to  be 
much  smaller  ( ~  100  nm)  and  become  sphere-like  particles  with 
uniform  particle  size  distribution,  which  may  be  related  to  the 
recrystallization  of  active  carbon  under  solvothermal  condition. 
With  respect  to  the  bare  Fe304,  it  shows  a  well-defined  spherical 
particle  shape  with  size  of  ca.  500  nm,  as  depicted  in  Fig.  4c.  After 
addition  of  active  carbon  into  the  solvothermal  solution,  the  syn¬ 
thesized  Fe304@C  sample  (Fig.  4d)  presents  a  granular  particles 
with  size  slightly  larger  than  that  of  the  solvothermally  treated 
active  carbon  (Fig.  4b)  but  much  smaller  than  the  bare  Fe3C>4 
(Fig.  4c),  implying  that  the  active  carbon  can  play  as  a  nucleus  to 
promote  the  crystallization  of  Fe304  from  solution  and  limit  the 
growth  and  aggregation  of  the  crystallized  nano-Fe304  grains. 

To  further  characterize  the  microstructure  of  the  synthesized 
Fe304@C  sample,  TEM  and  HR-TEM  inspections  were  conducted. 
Fig.  5a  shows  the  TEM  image  of  the  solvothermally  treated  active 
carbon,  a  lot  of  micropores  could  be  observed.  The  porous  feature  of 
the  active  carbon  was  further  investigated  by  Brunauer-Emmett- 
Teller  (BET)  analysis  via  nitrogen  adsorption  and  desorption  mea¬ 
surement  (Fig.  6).  The  BET  surface  area  of  active  carbon  is 
1255.3  m2  g-1.  The  inset  in  Fig.  6  displays  the  distribution  of  the 
pores  in  active  carbon.  Most  of  the  pores  range  from  1  to  6  nm  with 
a  main  peak  centered  at  ~  1.3  nm,  demonstrating  the  microporous 
feature.  Such  porous  structure  with  large  specific  surface  area  can 
provide  lots  of  sites  for  Fe3C>4  deposition  during  solvothermal 
process.  The  nano-pores  cannot  only  effectively  hold  the  Fe304 
particles  to  form  mosaic  structure,  but  also  accommodate  the  vol¬ 
ume  change  of  Fe304  during  lithiation/delithiation  process,  prevent 
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Fig.  4.  FE-SEM  images  of  active  carbon  before  (a)  and  after  (b)  solvothermal  treatment,  and  the  synthesized  bare  Fe304  (c)  and  Fe304@C  nanocomposite  (d). 


the  cracking  and/or  divorcing  of  active  particle  and  thereby  keep 
the  integrity  of  electrode. 

Fig.  5b  and  c  also  show  that  the  synthesized  Fe304@C  sample 
displays  spherical  particle  morphology  with  average  diameter  of  ca. 
100  nm.  Even  in  Fe304@C  particle,  lots  of  micropores  are  visible, 
implying  that  not  all  of  the  pores  of  active  carbon  are  filled  by  the 
deposited  Fe3C>4.  The  possible  situation  is  that  most  of  the  Fe304 
deposited  from  solution  on  the  surface  pores  of  active  carbon 
particles.  FIR-TEM  observation  on  the  surface  of  Fe304@C  particle 
was  performed  and  the  image  is  shown  in  Fig.  5d.  The  clear  and 


Fig.  5.  TEM  images  of  active  carbon  (a)  and  Fe304@C  (b,  c)  and  HR-TEM  micrographs 
(inset:  selected  area  diffraction  image)  of  the  Fe304@C  (d). 


continuous  lattice  fringes  indicate  the  high  crystallinity  of  the 
material.  Two  different  interplanar  spacings  of  0.290  and  0.492  nm 
are  identified,  which  agree  well  to  (220)  and  (111)  planes  of  Fe304. 
Combined  with  the  electron  diffraction  pattern  shown  in  the  inset 
of  Fig.  5d,  it  is  reasonable  to  state  that  the  surface  component  of 
Fe304@C  particle  is  highly  crystallized  Fe304  nanoparticles.  To 
confirm  that  the  Fe304  nanocrystals  are  dispersed  in  the  micropo- 
rous  carbon  matrix,  the  elemental  mapping  of  C,  O,  and  Fe  was 
performed.  The  STEM  image  is  displayed  in  Fig.  7a,  while  the 
elemental  mapping  results  for  region  A  in  Fig.  7a  are  presented  in 
Fig.  7b,  c  and  d,  respectively,  for  the  elemental  mapping  of  C,  O  and 
Fe.  As  it  can  be  seen,  the  dark  spots  of  Fig.  7b  (carbon),  corre¬ 
sponding  to  the  pores  of  active  carbon,  make  a  shape  similar  to  the 
bright  spots  of  Fig.  7c  (oxygen)  and  d  (ferrum),  demonstrating  that 
the  Fe3C>4  particles  are  filled  in  the  pores  of  active  carbon  particles. 

According  to  the  XRD,  FE-SEM,  TEM  and  STEM/EDX  results,  an 
illustration  of  the  possible  formation  process  of  Fe304@C  is  pre¬ 
sented  in  Fig.  8.  The  active  carbon  with  blob-like  morphology,  high 


Fig.  6.  N2  adsorption/desorption  isotherms  of  active  carbon  after  solvothermal  treat¬ 
ment.  (inset:  BJH  pore  size  distribution  of  the  corresponding  sample.) 
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Fig.  9.  Discharge/charge  profiles  of  the  bare  Fe304  (a)  and  Fe304@C  (b)  electrodes. 


Fig.  7.  (a)  STEM  image  of  Fe304@C  nanoparticles  and  EDX  mapping  of  C  (b),  O  (c)  and 
Fe  (d)  elements  for  the  indicated  area  in  (a). 

porosity  and  high  specific  surface  area  was  employed  as  host.  Under 
solvothermal  condition  in  FeCb  solution,  the  active  carbon  was 
spheroidized  firstly,  and  then  the  Fe3C>4  particles  were  precipitate 
from  the  solution  and  deposited  on  the  surface  pores  of  the  active 
carbon,  forming  a  mosaic  structured  Fe304@C  composite.  The  for¬ 
mation  of  Fe304  on  active  carbon  was  a  heterogeneous  nucleation 
process  [40],  i.e.  the  active  carbon  acted  as  nucleus  and  the  Fe304 
crystallized  and  grown  inside  the  surface  pores  as  well  as  the  outer 
surface  of  active  carbon  particles,  producing  a  core  (carbon)/shell 
(Fe304)  structure  with  mosaic  characteristics.  The  porous  charac¬ 
teristic  of  active  carbon  ensured  the  uniform  deposition  and  the 
tight  combination  of  Fe304  on  the  surface  of  active  carbon. 

The  electrochemical  properties  of  the  as-prepared  bare  Fe304 
and  Fe304@C  samples  were  evaluated  by  charge/discharge  mea¬ 
surements  at  a  current  density  of  100  mA  g-1  over  a  potential 
window  of  0.02—3.0  V.  The  charge/discharge  curves  of  the  initial  30 
cycles  of  the  Fe304  and  Fe304@C  are  shown  in  Fig.  9.  The  steep 
voltage  drop  from  about  2.3  to  0.8  V  is  attributed  to  Li  ion  insertion 
into  the  Fe304  lattice  (Fe3C>4  +  xLi+  +  xe_  -►  LixFe304),  while  the 
long  obvious  potential  plateau  at  about  0.8  V  corresponds  to  the 
reversible  reduction  from  Fe3+  (or  Fe2+)  to  Fe°  [LixFe304  +  (8-x) 
Li+  +  (8-x)e~  -►  4Li20  +  3Fe]  and  the  irreversible  formation  of 
solid  electrolyte  interphase  (SEI)  film  [21,30,32-34,41].  From  the 
second  cycle,  this  plateau  increases  to  a  little  bit  higher  voltage  and 
becomes  much  shorter,  indicating  the  different  lithiation  reactions 
between  the  first  and  the  following  cycles  and  the  existence  of 
irreversible  reactions.  In  the  case  of  the  Fe304@C  composite,  the 
first  discharge  curve  is  very  similar  to  that  of  bare  Fe304,  except  for 


Fig.  8.  Possible  formation  mechanism  of  nanostructured  Fe304@C. 


a  potential  plateau  at  ~  0.9  V.  This  plateau  should  be  related  to  the 
active  carbon,  which  is  frequently  found  in  the  reported  works 
about  iron  oxide/carbon  anodes  [41,42].  With  cycling,  the  specific 
capacity  of  the  bare  Fe304  fades  quickly,  while  the  Fe304@C  pre¬ 
sents  a  much  stabler  specific  capacity  with  the  discharge/charge 
curves  overlapped  together,  indicating  a  highly  reversible  electrode 
reaction  process  and  a  stable  electrode  structure  characteristic. 

The  cyclic  performance  of  the  Fe304@C  composite  is  illustrated 
in  Fig.  10a  at  a  current  density  of  100  mA  g_1  for  40  cycles.  The  bare 
Fe304  sample  was  also  investigated  for  comparison  at  the  same 
condition.  The  prepared  Fe304@C  composite  exhibits  a  high  specific 
capacity  (ca.  1000  mAh  g_1)  and  good  cycling  stability,  while  the 
bare  Fe304  sample  displays  a  slightly  lower  specific  capacity  and 
fast  performance  decline,  only  333.9  mAh  g  1  is  remained  after  40 
cycles.  Except  for  the  first  cycle,  the  Fe304@C  composite  exhibits 
the  coulombic  efficiency  close  to  100%,  indicating  an  excellent 
reversibility  of  electrode  reaction. 

Taking  into  account  of  the  electrochemical  reversible  reaction  of 
Fe304  and  the  TG  result,  the  theoretical  capacity  (C)  of  the  syn¬ 
thesized  Fe304@C  can  be  calculated  [43-46]. 


Fig.  10.  Cycling  performances  (a)  and  rate  capability  (b)  of  bare  Fe304  and  Fe304@C 
composite  electrodes. 
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Fig.  11.  SEM  images  of  Fe304  (a,  b)  and  Fe304@C  (c,  d)  electrodes  before  (a,  c)  and  after 
(b,  d)  10  cycles. 


C(theoretical)  =  C(Fe304)  x  mass  percentage  of  Fe304 

+  C(graphite)  x  mass  percentage  of  graphite 
=  926  x  78%  +  372  x  18%  =  789  mAh  g”1 

The  reversible  capacity  of  the  Fe304@C  composite,  as  shown  in 
Fig.  10a,  is  much  higher  than  the  theoretical  capacity  of  the  Fe304 
(926  mAh  g_1)  and  the  theoretical  prediction  value  for  Fe304@C. 
The  extra  capacity  is  probably  due  to  the  reversible  trapping  of  Li+ 
in  the  micropores  of  the  Fe304@C  at  lower  voltage,  as  proposed  by 
Sonobe  et  al.  [47]  and  Tokumitsu  et  al.  [48].  In  addition,  the 
reversible  growth  of  a  polymeric  gel-like  film  resulting  from 
kinetically  activated  electrolyte  degradation  also  makes  a  contri¬ 
bution  to  the  extra  capacity  [49,50]. 

The  rate  capability  of  the  prepared  bare  Fe304  and  Fe304@C 
composite  was  evaluated  by  cycling  the  electrode  in  a  step  mode  at 
different  current  densities.  The  results  are  shown  in  Fig.  10b.  The 
Fe304@C  composite  exhibits  higher  specific  capacity  and  stable 
cycling  performance  at  each  current  density.  A  specific  capacity  of 
702  mAh  g-1  can  still  be  delivered  by  Fe304@C  composite  at 
1000  mA  g-1,  70%  of  the  capacity  at  100  mA  g-1.  When  the  current 
density  switches  back  from  1000  mA  g-1  to  100  mA  g-1,  the  specific 
capacity  can  be  recovered  perfectly,  demonstrating  the  excellent 
rate  capability  and  good  structural  stability  of  the  Fe304@C  elec¬ 
trode.  Flowever,  the  bare  Fe304  shows  dramatic  capacity  degrada¬ 
tion  with  increasing  charge/discharge  current  density,  only 
132  mAh  g-1  is  remained  when  cycled  at  1000  mA  g-1.  The  declined 
specific  capacity  of  the  bare  Fe304  cannot  be  rehabilitated  even 
when  the  current  density  is  switched  back  100  mA  g-1,  implying 
the  destruction  of  the  electrode. 

The  much  better  electrochemical  performance  of  the  Fe304@C 
composite  in  terms  of  specific  capacity,  cycling  stability  and  rate 
capability  can  be  ascribed  to  the  unique  core/shell  and  mosaic 
structure  and  the  carbon  conductive  network.  The  nanosized 
feature  of  Fe304  on  the  active  carbon  surface  ensures  the  complete 
lithiation  reaction  and  thereby  the  high  specific  capacity  of  elec¬ 
trode  [24,51-54],  while  the  active  carbon  provided  large  amount  of 
surface  pores  to  anchor  the  Fe304  nanoparticles  effectively,  thus  to 
keep  the  integrity  of  the  electrode.  Furthermore,  the  good  adher¬ 
ence  between  Fe304  and  carbon  matrix  enhances  the  electron  and 
lithium  ion  conduction,  which  significantly  facilitates  the  electrode 
reaction  kinetic  process  and  therefore  improves  the  rate  perfor¬ 
mance  compared  with  the  bare  Fe304  [18,19,24,52].  The  existence 
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Fig.  12.  Nyquist  plots  of  Fe304@C  and  Fe304  electrodes  after  3  cycles. 

of  the  active  carbon  can  also  prevent  the  Fe304  particles  from  ag¬ 
gregation,  and  the  pores  in  active  carbon  can  effectively  buffer  the 
volume  change  of  Fe304  caused  by  lithiation/delithiation,  and 
thereby  leading  to  an  excellent  cycling  stability. 

To  further  understand  the  effects  of  the  carbon  matrix  on  the 
electrode  integrity,  the  electrode  surface  of  Fe304  and  Fe304@C 
before  and  after  10  cycles  was  observed  by  SEM.  The  results  are 
illustrated  in  Fig.  11.  The  active  material,  electrical  conductor  and 
binder  are  homogeneously  distributed  in  both  of  the  two  electrodes 
before  cycling,  as  shown  in  Fig.  11a  and  c.  After  10  cycles,  however, 
the  Fe304  electrode  cracks  severely  (Fig.  lib),  and  even  the  Fe304 
particles  are  pulverized,  as  shown  in  the  inset.  On  the  contrary,  the 
Fe304@C  electrode  maintains  good  geometric  integrity  without  any 
particle  cracking  after  10  cycles  (Fig.  lid).  This  difference  between 
the  two  electrodes  is  apparently  caused  by  the  different  particle 
structures  of  Fe304  with  Fe304@C.  The  active  carbon  with  high 
specific  surface  area  tends  to  attract  and  grasp  firmly  the  crystal¬ 
lized  Fe304  so  as  to  decrease  the  huge  specific  surface  energy.  The 
formed  special  core/shell  structure  of  Fe304@C  particle  has  a  strong 
structural  stability  and  is  tough  against  the  volume  and  stress 
variation  of  Fe304  component  during  cycling,  leading  to  a  good 
integrity  of  electrode  and  thereby  an  excellent  cycling  stability  of 
Fe304-based  electrode. 

AC  impedance  measurements  are  further  conducted  to  elucidate 
the  electrode  reaction  features.  Fig.  12  shows  the  Nyquist  plots  of 
the  two  electrodes  after  3  cycles  (at  100  mA  g-1)  in  the  fully 
charged  state.  Both  profiles  consist  of  a  semicircle  in  the  high- 
frequency  region  associated  with  the  SEI  film  and  charge  transfer 
resistances,  and  a  long  low-frequency  line  corresponding  to  the 
lithium-diffusion  process  within  electrodes.  Considering  that  the 
SEI  polymeric  gel  film  is  decomposed  at  fully  charge  state  for  iron 
oxide-based  electrode  [55],  it  is  reasonable  to  attribute  the  high 
frequency  arc  mainly  to  the  charge  transfer  process.  Obviously,  the 
intercept  of  the  semicircle  with  real  axis  for  the  Fe304@C  electrode 
is  much  smaller  than  that  of  the  Fe304  electrode,  indicating  that  the 
Fe304@C  electrode  displays  smaller  charge  transfer  resistance.  This 
means  that  the  electrode  reaction  can  process  more  effectively  in 
Fe304@C  electrode  due  to  the  existence  of  active  carbon  matrix  and 
nano-sized  Fe304.  The  enhanced  electrode  reaction  kinetics  leads  to 
a  better  electrochemical  performance  of  the  Fe304@C  electrode. 

4.  Conclusion 

We  demonstrate  a  facial  solvothermal  route  for  the  construction 
and  synthesis  of  highly  dispersed  Fe304@C  spheres  with  an  average 
size  of  ca.  100  nm.  The  porous  active  carbon  provides  an  effective 
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matrix  for  the  dispersion  of  Fe304  particles.  The  formation  of  Fe304 
is  a  heterogeneous  nucleation  process.  The  active  carbon  acts  as 
nuclei  and  the  Fe304  precipitates  and  grows  on  the  surface  pores  of 
active  carbon,  forming  a  core  (carbon)/shell  (Fe304)  structure  with 
mosaic  characteristics.  The  unique  porous  carbon  provides  space  to 
accommodate  the  volume  variation  of  active  Fe304  and  helps  to 
keep  the  integrity  of  Fe304@C  active  particle  and  therefore  corre¬ 
sponding  electrode.  The  good  contact  between  Fe304  and  carbon 
matrix  ensures  the  fast  electron/Li-ion  transport.  As  a  result,  the 
Fe304@C  composite  exhibits  high  reversible  capacity,  good  cycling 
stability  and  excellent  rate  capability.  For  practical  applications,  we 
believe  that  the  prepared  Fe304@C  composite  is  a  potential  candi¬ 
date  for  anode  material  of  high-performance  lithium-ion  battery. 
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